Introduction
The Cowie Formation of the Stonehaven Group consists of c. 730 m of siliciclastic sedimentary strata and minor volcanic horizons that crop out in coastal and inland exposures around Stonehaven, Aberdeenshire, in the Northern Midland Valley (Fig. 1 ). It is a key unit for understanding of the terrestrialization of life, by virtue of part of the unit (the Cowie Harbour Siltstone Member) hosting the oldest known body fossils with direct evidence for air-breathing (the spiracle-bearing myriapod Pneumodesmus newmani) (Wilson and Anderson, 2004) , in addition to a range of other arthropod and fish fossils such as the enigmatic Dictyocaris and several agnathan taxa (Campbell, 1911 (Campbell, , 1912 (Campbell, , 1913 .
As the basal unit of the Old Red Sandstone in the Midland Valley, the age of Cowie Formation is also crucial to the understanding of the movement history of the Highland Boundary Fault. Various authors have taken the age of rocks bounding the Highland Boundary Fault to place constraints on intervals of displacement (Bluck, 2002; Tanner, 2008; Hartley and Leleu, 2015) .
The palaeobiological and tectonic implications of the formation are presently understood on the basis that the unit is late Wenlock in age (Lavender and Wellman, 2002) , but recent U-Pb dating of ash bands within the formation suggests that it may in fact be Early Devonian (Suarez et al., 2017) . The Wenlock age is determined from palynomorphs retrieved from the inland exposures of the formation at Carron Water (Bridge of Graham) [NO 825853] and Carron Wood [NO 807848 ] (Marshall, 1991; Wellman, 1993; Lavender and Wellman, 2002) . However, the inland outcrop is poorly exposed in comparison to coastal exposures north of Stonehaven, from which most interpretations of sedimentary facies, and all macrofossil samples, are known. In the coastal exposures, samples from the Cowie Formation have not thus far yielded biostratigraphically-useful microfossils (Wellman, pers. comm.) .
In this paper we describe a previously unrecorded terrestrial ichnofauna from the coastal exposures, between Cowie and Ruthery Head, within strata that constitute the Castle of Cowie Member (which lies stratigraphically below the Cowie Harbour Siltstone Member) (Fig. 2) . The ichnofauna is dominated by a low complexity, low diversity assemblage of Taenidium and Arenicolites: an archetypal infaunal ichnological signature of SiluroDevonian (used here to mean Pridoli and Lochkovian) continental sedimentary facies in other worldwide locations, deposited after the initial terrestrialization of arthropods but prior to a Devonian radiation of continental ichnodiversity (Buatois et al., 1998; Minter et al., 2017) . Given the discrepant nature of the Cowie Formation ichnofauna with respect to other mid-Silurian examples, we consider the plausibility and implications of two competing hypotheses: (1) that the Cowie Formation contains the oldest record, worldwide, of infaunal back-filled and U-shaped burrows in a non-marine environment; or (2) that the coastal exposures of the Cowie Formation are earliest Devonian in age, and distinct from the well-dated inland exposures. This paper presents evidence that favours the hypothesis that the trace fossil-bearing coastal exposures are (a) younger than presently mapped, and (b) represent a distinct fault-bounded stratigraphic unit to the palynomorph-dated inland outcrop presently mapped as Cowie Formation.
Geological setting
The c. 1.6-2.0 km-thick Stonehaven Group records the onset of Old Red Sandstone deposition in the northern Midland Valley. It sits unconformably on top of Ordovician rocks of the Highland Border Complex, and disconformably below the poorly-dated Old Red Sandstone conglomerates and sandstones of the DunnottarCrawton Group (Browne et al., 2002) .
The group is bounded to the north by the Highland Boundary Fault, a major structural lineament that extends NE-SW across central Scotland and largely separates the Dalradian rocks of the Grampian Highlands from Old Red Sandstone of the Midland Valley. The fault is thought to have been reactivated multiple times, with a significant but unknown net displacement (Bluck, 2002) .
The Stonehaven Group is subdivided into two formations: the lower Cowie Formation and the upper (860-1260 m-thick) Carron Formation. Both formations are dominated by crossbedded arkosic sandstones, with subordinate siltstones and mudstones, and minor volcanogenic conglomerates and tuff bands (Browne et al., 2002) . This study concentrates on the Cowie Formation, cropping out along the coast north of Stonehaven as cliff exposures and low gradient coastal rock platforms, with bedding that dips near-vertical and youngs to the south-east (such that outcrops of the youngest strata visible can be studied only at low tide). In these outcrops, the Cowie Formation sits unconformably on top of Ordovician rocks of the Highland Boundary Complex to the north-east, but elsewhere its thickness is attenuated by the Highland Boundary Fault (Carroll, 1995) (Fig. 2) , along with stratigraphically-undifferentiated strata and several informal 'members' (e.g. Purple Sandstone 'Member', Brown and Grey Sandstone 'Member') (British Geological Survey, 1999) . The Castle of Cowie Member crops out between NO 880868 and NO 883871 (British Ordnance Survey National Grid References), as interbedded sandstone, sandy siltstone and siltstone. The Cowie Harbour Conglomerate Member is exposed in Cowie Harbour between NO 877863 and NO 880866, and contains volcaniclastic conglomerate bands interbedded with sandstone. The macrofossil-yielding Cowie Harbour Siltstone Member (previously known as the Dictyocaris Member (Carroll, 1995; Browne et al., 2002) ) is also exposed in Cowie Harbour between NO 877863 and NO 880866, and is composed of interbedded sandstones and siltstones.
Sedimentary environments of the Cowie Formation

Undifferentiated Cowie Formation
The majority of the Cowie Formation is not assigned to a member, as it is lithologically indistinguishable and occurs intermittently throughout the stratigraphy between the named members (British Geological Survey, 1999) . The undifferentiated Cowie Formation is predominantly comprised of cross-bedded, medium-grained arkosic sandstone, with frequent planar bedded layers and occasional mudstones (Fig. 3) . Cross-bedding indicates a dominant palaeoflow towards the west (Hartley and Leleu, 2015) . Intraformational rip up clasts are commonly incorporated into the cross-bedded sandstones, and infrequent layers are almost entirely composed of mud chips, with subordinate clasts of calcrete. The cross-bedded sandstones of the Cowie Formation are interpreted as having a fluvial origin, with the finer, planar beds corresponding to overbank deposits and incorporation of intraformational clasts attesting to overbank reworking.
Castle of Cowie Member
This member crops out in the cliffs to the north of Cowie Harbour. The member is comprised of fine-to coarse-grained arkosic sandstone, typically cross-bedded with mud chips and reworked calcrete, and finely laminated mudstone bands up to 1 m thick (Fig. 4) . Occasional heterolithic beds up to 1 m thick are observed, with climbing ripples in the sandier beds. As with the undifferentiated Cowie Formation, the Castle of Cowie Member is of alluvial origin, with a combination of fluvial and overbank deposits. This member yields the bulk of the ichnofauna described below, in both sandstone and mudstone layers.
Cowie Harbour Conglomerate Member
This member contains alternating layers of volcaniclastic conglomerate and massive sandstone, observed between 67 m and 73 m on the log in Fig. 3 . The conglomerate is matrix supported, and clasts are clearly compositionally different to the sandstone making up the rest of the formation. Further evidence of volcanic activity occurs further up the section, with frequent layers of tuff between 77 m and 83 m on Fig. 3 . Occasional large volcanic clasts occur between the bands of tuff.
Cowie Harbour Siltstone Member
This member marks the top of the exposed Cowie Formation in the coastal Cowie Harbour section (Fig. 3 100 m upwards) , and crops out at the seaward end of coastal platform exposures. This member, aside from the recorded fossil fish and arthropod fauna, consists of laminated siltstones exhibiting frequent small scale convolute bedding and water escape structures. It is likely that some of these structures are the result of bioturbation (Fig. 6C ). Both subaerial (Pneumodesmus newmani, Wilson and Anderson, 2004) and subaqueous (Campbell, 1913) fossil fauna are known from the section, suggesting that deposition was subaqueous, but intermittently emergent. The dominance of fine sediment and lack of cross-bedding or mud chips argue against tractional deposition and suggest deposition in low energy, possibly lacustrine, standing water.
A non-marine depositional environment for all of the constituent members of the Cowie Formation is attested to by a suite of sedimentary structures and surface textures including raindrop impressions, adhesion marks, desiccation cracks and calcrete -all formed during intervals of substrate exposure and sedimentary stasis (Fig. 5 ). These and other sedimentary structures are fully described in Table 1 , with details of their dimensions, frequency and origin.
The variable quality of exposure places limitations on sedimentological and ichnological field observations. The Castle of Cowie Member is well-exposed in both vertical section and as bedding planes, while the Cowie Harbour Conglomerate Member and Cowie Harbour Siltstone Member are observable only in vertical sections (where a wave-cut platform has developed perpendicular to the steep bedding), are accessible only at low tide, and are extensively covered with algae and barnacles. As such, while the observed ichnofauna from the Castle of Cowie Member appears more abundant than the younger members, this likely reflects outcrop constraints rather than a primary signature.
Ichnological and biogenic structures of the Cowie Formation
In addition to the well-known body fossils, the sedimentary strata of the Cowie Formation yield previously-unreported indirect evidence of life in the form of identifiable ichnotaxa, problematic traces, bioturbated horizons and putative microbial structures, described below. All of the surface traces occur within strata that bear primary sedimentary structures indicative of a subaerial environment (adhesion marks, desiccation cracks, raindrop impressions; Fig. 6 ), suggesting that the trace makers interacted with sedimentary substrates during intervals of sedimentary stasis in a non-marine environment (Davies et al., 2017) .
Arenicolites Salter, 1857
Abundant paired burrows, with no evidence of spreite, are observed in plan view on several bedding planes of the Castle of Cowie Member. The burrow shafts have a narrow diameter (2-3 mm) and each paired aperture is separated by 10-29 mm. No internal structure can be observed, and the burrow infill is typically fine sand, similar to the host sediment. Burrows are readily recognisable due to differential weathering. The traces can be diagnosed as Arenicolites, despite lack of 3D exposure, due to their pairing, and the absence of sediment disturbance between the burrow apertures.
Elsewhere in the global rock record, Arenicolites is reported from the Cambrian until the present day (Virtasalo et al., 2011) , but absent in non-marine strata until the Pridoli (Morrissey et al., 2012a (Morrissey et al., , 2012b . The tracemaker is typically interpreted as being a vermiform organism (Häntzschel, 1975) .
Taenidium Heer, 1877
4.2.1. T. barretti Bradshaw, 1981 Taenidum barretti comprises unlined, sub-cylindrical, subvertical, backfilled structures with burrow depths of 45-70 mm, and burrow widths of 10-32 mm, present within the Castle of Cowie Member (Fig. 6C ). Examples occur in isolation or in association with Arenicolites. Some specimens exhibit mud flecks within the burrow when viewed in horizontal cross section. Menisci are tightly packed in the specimens within which they can be clearly observed. The specimens are assigned specifically to T. barretti as the infilling material is organised as heterogeneous, thinly segmented, arcuate menisci (Keighley and Pickerill, 1994) .
It is likely that these traces were produced by burrowing arthropods, and a range of potential tracemaker taxa is known from the overlying Cowie Harbour Siltstone Member (Campbell, 1913) . Examples of T. barretti are sparsely distributed through the section, with fewer examples than of Arenicolites. Elsewhere in the global rock record, Taenidium is reported from the lower Cambrian (Stachacz, 2012) until the present day (D'Alessandro et al., 1993) , but is only found in non-marine strata from the Late Silurian onwards (Fig. 7) .
"Comma-shaped" impressions
Problematic traces with a circular "body" and curved "tail" tapering to a point (i.e., "comma-shaped") can be observed on some bedding planes of the Castle of Cowie Member. In two specimens, the tail appears to exhibit a meniscate pattern, concave towards the body of the trace. The diameters of the body of the traces are 2-3 mm, and the total length of each trace is 6-12 mm.
It is not possible to confidently diagnose whether the "commashaped" impressions represent burrows with a main shaft and evidence of migration, or individual tracks with "splash marks" behind footfalls. If the traces are burrows, they resemble migrating J-tubes (such as Teichichnus, Dictyodora, Paradictyodora). However, unlike these ichnotaxa the traces taper sharply and have very limited lateral extent at the surface. "Splash marks" are a common feature of several invertebrate track ichnotaxa, such as Koupichnium (Seilacher, 2007) , recording slipping of sediment behind a footfall, displaced by the animal as it walked across the substrate. However, such splash marks lack the internal structure seen in some of the Cowie specimens.
The apparent presence of meniscate structures in the tails of some traces indicates that a burrow origin is more probable, with a back-filling trace maker similar to Taenidium.
Undifferentiated bioturbation
The upper part of the Cowie Formation (Cowie Harbour Siltstone Member) is devoid of identifiable trace fossils, despite it hosting the millipede fossil-bearing horizon. In part this may be due to the lack of bedding plane outcrop and poor exposure within vertically-dipping, intertidally-exposed strata. However, the disturbance of sedimentary laminae in some beds is evidence of bioturbation in this member (Fig. 6 ).
Possible microbial sedimentary surface textures
Possible microbial signatures are observed in the Castle of Cowie Member, where some bedding planes exhibit either wrinkle marks or partial, sinuous desiccation cracks (Fig. 6) . The means of formation of these structures is ambiguous: while they may record microbial colonization of substrates during quiescent sedimentary intervals, solely abiotic origins cannot be ruled out . Following Davies et al. (2016) , these structures are assigned an 'ab' classification, as confident diagnosis of their origin is problematic. However, possible microbial sedimentary structures have also been reported from other Old Red Sandstone formations in Wales and Norway (Davies et al., 2006; Marriott et al., 2013) , some of which closely resemble the Cowie Formation wrinkle marks.
Discussion of Silurian trace fossils
Sedimentological signatures in the Cowie Formation attest to its non-marine deposition, and their close association with certain traces (Taenidium barretti, Arenicolites) suggest that these traces were formed in subaerially-exposed substrates. Were these rocks of Silurian age as previously proposed, the traces may have global significance, as contemporaneous strata worldwide contain evidence for the progressive colonization of non-marine environments during this period (Minter et al., 2016 (Minter et al., , 2017 , and terrestrial ichnofossil assemblages from the middle Silurian are scarce. From an ichnostratigraphic standpoint two possibilities exist: (1) that the Cowie Formation contains the oldest record, worldwide, of infaunal back-filled and U-shaped burrows in a non-marine environment; or (2) that the coastal exposures of the Cowie Formation early Devonian in age, in agreement with dating of the tuffs (Suarez et al., 2017) , and distinct from the well-dated inland exposures.
We emphasise that the second hypothesis is favoured due to three lines of circumstantial evidence: (1) the unlikelihood of one succession revealing the advent of multiple different ethological innovations; (2) the absence of trace fossils in Wenlock continental strata worldwide; (3) the similarities of the ichnofauna to other Scottish Siluro-Devonian sites.
With a middle Silurian age, both U-shaped and meniscate burrows would pre-date other continental examples worldwide by 5-10 Ma (Minter et al., 2016) . The co-occurrence of the globally first instances of two distinct ethological styles of trace fossil warrants closer inspection, particularly as elsewhere in the global stratigraphic record, the first instances of these traces occur in multiple different intertidal and continental successions worldwide, within a very narrow time range of 3 Ma.
The geologic record of meniscate burrows extends from the lower Cambrian (Stachacz, 2012) until the present day (D'Alessandro et al., 1993, with non-marine forms becoming most prevalent from the Late Devonian onwards (Fig. 7) . Outside of the Stonehaven Group, the Old Red Sandstone of Anglo-Welsh Basin contains the oldest recorded example of fully terrestrial meniscate burrows in the global rock record (Morrissey et al., 2012a (Morrissey et al., , 2012b , in rocks of Pridoli age (Allen and Williams, 1981; Barclay et al., 2015) . Meniscate burrows reported from the mid-Silurian Grampians Group of Western Australia probably formed in a fully marine setting (George, 1994; contra Gouramanis et al., 2003) . Elsewhere (2000), Gand et al. (1997) , Germs (1972) , Goldring and Pollard (1995) , Graham and Pollard (1982) , Hakes (1976) , Han and Pickerill (1994) , Häntzschel (1975) , Hunter and Lomas (2003) , Knaust (2004) , Kulkarni and Borkar (2014) , Kumpulainen et al. (2006) , Maples and Archer (1987) , Maples and Suttner (1990) , Martino (1989) , Mikulas (1993) , Minter et al. (2007) , Morrissey and Braddy (2004) , Narbonne (1984) , O'Sullivan et al. (1986) , Pearson (1992) , Pickerill (1991) , Pickerill (1992) , Pickerill et al. (1987) , Pickerill et al. (1984) , Prescott et al. (2014) , Qi et al. (2012) , Savoy (1992) , Smith (1993) , Stephenson and Gould (1995) , Tanoli and Pickerill (1989) , Thomas and Smith (1998) , Tunbridge (1984) and Weber and Braddy (2004). they are reported in Late Silurian-Early Devonian deposits from transitional continental-marine settings in the Ringerike Group of Norway, Tumblagooda Sandstone of Western Australia, and Mereenie Sandstone of the Northern Territory, Australia (Trewin and McNamara, 1994; Davies et al., 2006 Gouramanis and McLoughlin, 2016) .
Using individual ichnotaxa as 'ichnostratigraphic' markers is inadvisable. Beyond ichnogeneric level it is often extremely challenging to distinguish between trace fossils, as morphological differences are often subtle and the quality of specimens highly variable (Egenhoff et al., 2007) . However, the bulk ichnofauna of a succession may be more indicative of age as it indirectly records the suite of organisms and ethological styles active in the depositional environment.
During an interval of evolutionary innovation (such as the colonization of non-marine environments), such an approach may be particularly valuable. Illustrating this, Fig. 7 shows the ranges of four meniscate burrow ichnogenera from the Lower-Middle Palaeozoic (Taenidium, Beaconites, Ancorichnus, Muensteria), suggesting that the presence of meniscate burrows in the terrestrial realm during the mid-Silurian is highly anomalous, and in disagreement with the global trend.
If the Cowie Formation were late Wenlock in age (Marshall, 1991; Lavender and Wellman, 2002) , the bulk ichnofauna is more complex than any others known worldwide (Minter et al., 2016) ; though it should be noted that few middle Silurian non-marine formations are known globally. A later Early Devonian age appears more likely from this evidence, in keeping with the global norm, and being a more parsimonious explanation for the similarity of the Cowie ichnofauna with other Siluro-Devonian strata of Scotland: U-shaped and back-filled burrows are known from the Early Devonian Crovie Group of Turriff, 60 km NNW of Cowie (Trewin, 2002) (Fig. 7) .
The age of the Cowie Formation
Geological evidence
The age of the Cowie Formation is problematic as different means of dating have produced mutually exclusive results (Fig. 8) . U-Pb dating of tuff bands within the coastal exposures of the Cowie Harbour Siltstone Member suggests a Lochkovian-Pragian age (Suarez et al., 2017) , palynological samples at the Bridge of Graham suggests a late Wenlock age (Lavender and Wellman, 2002) , the endemic fish fauna from the Cowie Harbour Siltstone Member suggests a Pridoli age (later revised to 'Wenlock-Pridoli' to account for the palynological age (Dineley, 1999a) ), and the ichnofauna described herein suggests a Pridoli-Early Devonian age.
Considering all of these ages alongside one another, the greatest overlap occurs in the Pridoli-Lochkovian. Within this interval however, there are still some difficulties in reconciling the Lochkovian U-Pb age of the tuffs and the Pridolian age of the vertebrate fauna. The Cowie fish fauna is dominantly agnathan (Dineley, 1999a) , whereas other Lochkovian strata within the Midland Valley (the Dundee Formation of the Arbuthnott Group) contain gnathostome-rich assemblages (Dineley, 1999b ) (both also contain cephalaspids (Campbell, 1912; Dineley, 1999b) ). The Dundee Formation is lithostratigraphically higher in the Midland Valley Old Red Sandstone succession than the Cowie Formation (British Geological Survey, 1999) , and an explanation for the discrepant faunas may lie in the coarseness of the named stratigraphic stages at the Siluro-Devonian boundary. The Lochkovian epoch spans an interval of 8.4 Ma; a greater duration than the 8.2 Ma of the preceding Ludlow and Pridoli epochs combined. A plausible explanation for the discrepant fish fauna may be that the Dundee Formation was deposited in the late Lochkovian, while the Cowie Formation was deposited millions of years earlier in the early Lochkovian. Combined with the recognition that 'Pridolian' fish fauna could be reasonably expected to have a range that marginally extended into the earliest Devonian, this hypothesis can be used to explain the discrepant fish faunas in light of the fact that U-Pb dating has shown a Lochkovian age (Suarez et al., 2017) . Such a scenario implies that the true age is near the oldest ages bracketed within the range recognised by Suarez et al. (2017) .
The agnathan fish fauna of the Cowie Formation provides further circumstantial evidence of an earliest Devonian age when compared with other Old Red Sandstone successions. The Cowie fish fauna is generally considered similar to that of the Ringerike Group of Norway, which was deposited near the Silurian-Devonian boundary (Davies et al., 2005) . In that unit, a diverse fish fauna has yielded possible ages from Llandovery to Lochkovian, with no overlap between known stratigraphic ranges of some assemblages (explained by localized reworking of fish debris; Davies et al., 2005) . The Ringerike Group exhibits a similarly depauperate ichnofauna in its fully alluvial strata (Davies et al., 2006 ) (though better exposure of coastal/marine-influenced strata in the group mean that 16 ichnogenera in total are known from the unit). The similarities in fish fauna and ichnofossils between the Cowie Formation and the Ringerike Group are circumstantial evidence of a similar age, providing more support that the Cowie Formation is earliest Lochkovian.
As the bulk of geological evidence (ichnology, fish fauna, U-Pb dates) thus points to an earliest Devonian age for the Cowie Formation, the previously accepted Wenlock age, obtained from palynostratigraphy (Marshall, 1991; Lavender and Wellman, 2002) , appears anomalous. This age was determined based on dated palynomorphs recovered from inland exposures at Bridge of Graham (Marshall, 1991; Lavender and Wellman, 2002) , but can be accounted for by considering the inland outcrop as a discrete, unrelated formation to the true Cowie Formation at the coast. Presently the Stonehaven Group is lithostratigraphically mapped as a contiguous unit that extends inland for 12 km from the coastal exposures (British Geological Survey, 1999) (Fig. 9A) . However, there is no contiguous inland exposure and no borehole data exists to confirm the interpreted genetic link between the two exposure areas (British Geological Survey, 2017) (Fig. 9B) . The palynologically-dated Bridge of Graham outcrop is of only limited extent and poorly exposed (Fig. 10) . It consists of interbedded sandstones and mudstones that lack the oxidised red colour that typifies many of the coastally-exposed Cowie Formation strata. Thus, other than proximity and a similar grain-size, there is little evidence to conclusively state that this exposure is correlative with the coastal outcrop, and there are no shared sedimentological, ichnological, palaeontological or biostratigraphic characteristics between the exposures. Given that both the inland and coastal outcrops of presently-defined Cowie Formation abut against the Highland Boundary Fault, it is regarded most likely that the inland exposures record outcrops of a discrete, older, and previously unidentified "Bridge of Graham Formation", brought up as fault-bounded slivers along the fault zone. Analogous slivers of Highland Border Complex are present locally (Fig. 9A) . This possibility retains a Wenlock age for the oldest Old Red Sandstone in Scotland, but recognises that this is a poorly-exposed formation cropping out only near Bridge of Graham, with limited scope for study, and older and discrete from the true, Lochkovian Cowie Formation at the coast. This stratigraphic explanation reconciles the conflicting evidence from the ichnofauna, palynomorphs, fish fauna, and U-Pb dates in the region.
Implications of a Lochkovian age for the Cowie Formation
A Lochkovian age for the Cowie Formation has implications for, and additional support from, palaeontology, tectonics, provenance and burial history at a regional and global scale.
The fossil fauna of the Cowie Formation was previously thought to contain the oldest myriapods known from the body fossil record, described in the Cowie Harbour Siltstone Member (Wilson and Anderson, 2004; Shear and Edgecombe, 2010) . All specimens are likely diplopods; amongst them the oldest definitively air breathing myriapod Pneumodesmus newmani and the explicit diplopod Cowiedesmus eroticopodus.
Non-marine myriapods now known to be older than those of the Cowie Formation have been described from two locations of Silurian age. The myriapod now recognised as the oldest terrestrial specimen, Casiogrammus ichthyeros, was described from the Wenlock Fish Bed Formation of the Hagshaw Hills Inlier, Scotland (Wilson, 2005) . Unlike examples of P. newmani however, C. ichthyeros does not exhibit spiracles, and evidence for non-marine origin relies on its association with a fully non-marine Fig. 10 . A -the outcrop that is exposed at the Bridge of Graham, along Carron Water. This outcrop is the location from which palynological samples used to date the Cowie Formation were collected (Marshall, 1991) . Scale bar 1 m. B -coastal exposure of the Cowie Formation, viewed looking towards Castle of Cowie Member in cliffs from the Cowie Harbour Siltstone Member. This exposure is significantly more extensive than that observed inland. 
A younger Cowie Formation places its deposition 6-9 Ma after the cessation of Scandian deformation (435-425 Ma). Whilst a westerly flow direction agrees with a source in the region of Scandian deformation, it is unlikely related to the deformation event itself, and may be related to later uplift (Oliver et al., 2008 palynomorph assemblage (Wellman, 1993) . The second example comes from the Ludfordian Downton Castle Sandstone Formation at the Ludford Lane locality in Shropshire, England, where fractured legs of Crussolum spp. are found along with specimens of Eoarthropleura ludfordensis, none of which exhibit spiracles (Shear and Selden, 1995; Shear et al., 1998) . These specimens are interpreted as being non-marine due to comparison with younger species from the Devonian (Shear and Selden, 1995) , but the sediments in which they are found are of marine origin (Loydell and Frýda, 2011) . Other than in P. newmani, the oldest occurrence of spiracles in myriapods globally dates from the Lower Carboniferous (Visean) of Scotland (Shear, 1993) . Whilst a Lochkovian age for the Cowie Formation would thus not change the date of the first appearance of non-marine myriapods, it would mean that the oldest direct evidence for definitively air-breathing forms date from strata 9-12 Ma younger than previously thought.
A Lochkovian age for the Cowie Formation also has tectonic implications; (1) for the duration in which the Highland Boundary Fault was active, and (2) for the provenance of the eastern Midland Valley Old Red Sandstone. A number of authors have provided differing views on the Early Palaeozoic history of the Highland Boundary Fault (Bluck, 2000 (Bluck, , 2002 (Bluck, , 2010 Tanner, 2008; Hartley and Leleu, 2015) . In Table 2 , the authors summarize the implications of a Lochkovian age for the Cowie Formation based on several such interpretations.
Both Bluck (2000) and Tanner (2008) present the view that strike-slip movement of the Highland Boundary Fault was limited after the Early Devonian due to the Lintrathen ignimbrite, correlated across the fault (Paterson and Harris, 1969) and constraining lateral movement to a few tens of kilometres (Trench and Haughton, 1990) . However, both consider movement on the fault during deposition of the Lower Old Red Sandstone to be plausible. Taking this view, a younger age for the Cowie Formation does not have any implications for Silurian displacement of the Highland Boundary Fault.
The westward palaeoflow exhibited by cross-stratified fluvial sandstones in the Cowie Formation supports a source to the north east, the region in which the Scandian deformation event was occurring (Hartley and Leleu, 2015) . However, as the Cowie Formation appears early Lochkovian age, it post-dates Scandian deformation by 6-9 Ma, but could indicate a source area during later uplift to the east (related to granite intrusions occurring from mid-Wenlock to Emsian; Oliver et al., 2008) . The majority of such uplift is thought to have occurred between 410-405 Ma, and to have provided the sediment source for the Dunnottar, Crawton and Arbuthnott groups that overlie the Stonehaven Group. A Lochkovian age for the Cowie Formation raises the possibility that the Stonehaven Group shared a source area with the younger strata above it. The volcanogenic conglomerate and tuff bands of the Cowie Harbour Conglomerate Member in the coastal section must correspond to local periods of volcanism, presently only known to have occurred in the Midland Valley from Pridoli to Pragian times (Thirlwall, 1988) . Marshall et al. (1994) performed a vitrinite reflectivity study on rocks thought to belong to the Cowie Formation, along with others from the Old Red Sandstone of the Midland Valley and found low values that suggested a burial depth (5 km) at odds with the measured stratigraphic thickness of the Lower Old Red Sandstone along the coast (9 km of Carron Formation, and Dunnottar and Crawton groups). Marshall et al. (1994) reconciled this by suggesting that the Cowie Formation originally underlaid a thinner succession, in a separate basin to that in which the presently overlying sandstones accumulated. However, Marshall et al.'s (1994) samples came from the inland exposures, so this burial depth is not enigmatic when this is considered to be a discrete, fault-adjacent unit from the coastal exposures. The two-formation scenario proposed here removes the problem of having to reconcile the vitrinite reflectance data with the coastal Cowie Formation having been buried to a depth appropriate to the cumulative thickness of the overlying strata.
Removing the tenuous lithostratigraphic correlation between the palynomorph-bearing inland and palynomorph-barren coastal exposures of the Cowie Formation, as presently mapped, thus resolves a number of geological quandaries in the region; explaining the disparity between ages of the inland and coastal exposures, bringing the age of the spiracle-bearing myriapods closer to that of other worldwide examples, and providing an alternative resolution for contradictory issues surrounding the timing of movement of the Highland Boundary Fault.
Conclusions
A previously unrecorded ichnofauna, with archetypal SiluroDevonian constituent trace fossils, is reported from non-marine strata of the Cowie Formation and supports the recently described Lochkovian age for coastal exposures of the formation. The presence of meniscate burrows in terrestrial settings is unknown elsewhere worldwide prior to the Pridoli, and uncommon before the Devonian. A late Wenlock age for the palynomorph-bearing inland exposures can be accommodated if it is considered that these exposures reflect a completely different stratigraphic unit to the Lochkovian coastal exposures.
The younger age for these Old Red Sandstone deposits pushes forward the age of the earliest known conclusively air breathing myriapod Pneumodesmus newmani by 9-12 Ma and removes constraints on interpreting strike-slip movement of the Highland Boundary Fault during the Wenlock and Ludlow (Hartley and Leleu, 2015) . A Lochkovian age for the Cowie Formation has no direct implications for fault displacement. Whilst palaeocurrent data confirm that the source of sediment for the Cowie Formation was located to the north east, a Lochkovian age implies the same granitic uplifted source as overlying strata, rather than a Scandian source area. Further support for the coastal and inland exposures being unrelated exists in published vitrinite reflectance data: if the coastal exposures are a different unit, this removes the need to invoke special circumstances to account for an apparently lesser burial depth than is reflected by the preserved overlying stratigraphic pile.
These conclusions illustrate the potential of bulk ichnofauna as potential age indicators during intervals of evolutionary innovation, particularly when viewed amongst other lines of geological evidence. When applied conservatively, ichnostratigraphy in this manner can provide insights where biostratigraphic markers are lacking.
